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Spinal cord injuries alter motor function by discon-
necting neural circuits above and below the lesion,
rendering sensory inputs a primary source of direct
external drive to neuronal networks caudal to the
injury. Here, we studied mice lacking functional mus-
cle spindle feedback to determine the role of this
sensory channel in gait control and locomotor re-
covery after spinal cord injury. High-resolution kine-
matic analysis of intact mutant mice revealed profi-
cient execution in basic locomotor tasks but poor
performance in a precision task. After injury, wild-
type mice spontaneously recovered basic locomotor
function, whereas mice with deficient muscle spindle
feedback failed to regain control over the hindlimb
on the lesioned side. Virus-mediated tracing demon-
strated that mutant mice exhibit defective rearrange-
ments of descending circuits projecting to deprived
spinal segments during recovery. Our findings reveal
an essential role for muscle spindle feedback in
directing basic locomotor recovery and facilitating
circuit reorganization after spinal cord injury.
INTRODUCTION
Spinal cord injury has an immediate and devastating impact on
the control of movement. The origin of motor impairments lies
in the physical disconnection of descending pathways from spi-
nal circuits below the lesion, depriving them of synaptic input
essential for the generation and regulation of motor output.
Despite the failure of severed axons to regenerate at long dis-
tance (Ramon y Cajal, 1928; Tello, 1907), partial lesions of the
human spinal cord are frequently associated with spontaneous
functional improvement (Curt et al., 2008). One of many chal-
lenges in restoring motor control after spinal cord injury is to
re-establish a sufficient level of task-specific excitability within
disconnected local spinal circuits to drive motor neurons caudal
to the injury.1626 Cell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc.Recent studies on incomplete spinal cord injury animal models
uncovered some of the mechanisms that may contribute to
spontaneous motor recovery (Ballermann and Fouad, 2006;
Bareyre et al., 2004; Courtine et al., 2008; Jankowska and Edg-
ley, 2006; Rosenzweig et al., 2010; Zo¨rner et al., 2014). These
investigations showed that recovery correlates with the estab-
lishment of intraspinal detour circuits. Such alternative pathways
through the spared tissue form novel functional bridges across
the lesioned spinal segments. At present, circuit-level mecha-
nisms promoting the formation of detour circuits to restore con-
trol of movement remain elusive, even though such insight might
play a pivotal role in developing interventions that enhance loco-
motor recovery after spinal cord injury.
Various studies suggest that sensory information plays a
critical role in gait control and in locomotor recovery after spi-
nal cord injury (Edgerton et al., 2008; Pearson, 2008; Rossi-
gnol et al., 2006; Rossignol and Frigon, 2011; Windhorst,
2007). The most common medical practice used to facilitate
motor recovery of paraplegic patients is weight-supported lo-
comotor rehabilitation (Dietz and Fouad, 2014; Knikou and
Mummidisetty, 2014; Roy et al., 2012). Repetitive movement
during rehabilitative training likely enhances glutamatergic
dorsal root ganglia (DRG) sensory feedback, which constitutes
the primary extrinsic source of excitation entering the spinal
cord below injury to engage local spinal circuits. This interpre-
tation is supported by evidence from animal models in which
spinal cord injury coupled to partial or complete elimination
of sensory input impairs gait control and locomotor recovery
(Bouyer and Rossignol, 2003; Lavrov et al., 2008). However,
the DRG neuron subtype promoting locomotor recovery
and the mechanisms by which this process takes place are
unclear.
Proprioceptive sensory neurons innervate sense organs in
the muscle and transmit information about muscle contraction
to the spinal cord (Brown, 1981; Rossignol et al., 2006; Wind-
horst, 2007). Their influence on the activity of central circuits
is essential for modulation and adjustment of motor output
(Pearson, 2008; Rossignol et al., 2006). Muscle spindle affer-
ents constitute a subset of proprioceptors contacting muscle
spindle sense organs. They exhibit the most widespread cen-
tral projection pattern of all DRG sensory neurons and establish
synaptic contacts with motor neurons and various classes of
interneurons implicated in motor control (Brown, 1981; Eccles
et al., 1957; Rossignol et al., 2006; Windhorst, 2007). Muscle
spindle afferents are thus in a prime position to convey direct
excitation to spinal circuits relevant to the regulation of motor
behavior, especially under conditions of disconnected de-
scending input.
The zinc-finger transcription factor Egr3 is expressed selec-
tively by muscle spindle-intrinsic intrafusal muscle fibers, and
its mutation results in early postnatal degeneration of muscle
spindles (Tourtellotte and Milbrandt, 1998). This defect abol-
ishes normal function of muscle spindle afferents as assessed
electrophysiologically (Chen et al., 2002) and leads to gait
ataxia (Tourtellotte and Milbrandt, 1998). Egr3 mutant mice
thus represent a genetic model with DRG sensory neuron
dysfunction selectively restricted to muscle spindle afferents.
They provide an opportunity to investigate how this feedback
channel contributes to gait control in intact mice and influences
locomotor recovery and circuit reorganization after spinal cord
injury.
To address this question, we conducted kinematic analyses
in wild-type and Egr3 mutant mice. Deficiency of muscle
spindle feedback did not affect basic motor abilities in intact
Egr3 mutant mice beyond specific gait features. However,
lack of muscle spindle feedback severely restricted sponta-
neous recovery after incomplete spinal cord injury. Egr3
mutant mice also exhibit a markedly reduced ability to estab-
lish descending detour circuits restoring access to spinal
circuits below spinal cord injury. We conclude that muscle
spindle feedback is a key neuronal substrate to direct circuit
rearrangement necessary for locomotor recovery after incom-
plete spinal cord injury.
RESULTS
Proficient Basic Locomotion in Absence of Muscle
Spindle Feedback
We performed high-resolution video recordings to reconstruct
hindlimb kinematics in wild-type and Egr3 mutant mice (Figures
1A and 1B). We focused on task-dependent contributions of
muscle spindle input to hindlimb motor control with the aim to
establish a baseline to which we could compare the locomotor
recovery process after spinal cord injury.
We first assessed hindlimb motor control during basic over-
ground locomotion. Wild-type and Egr3 mutant mice performed
this task with reciprocal activation of flexor and extensor mus-
cles and alternation between left and right hindlimbs (Figure 1B;
Movie S1 available online). However, Egr3mutantmice exhibited
gait ataxia as reported previously (Tourtellotte and Milbrandt,
1998). To characterize gait patterns, we computed >100 kine-
matic parameters that provide a comprehensive quantification
of locomotor features (Figure S1) (Courtine et al., 2008). We sub-
jected all measured parameters to a principal component (PC)
analysis (van den Brand et al., 2012) (averaged values of 10–25
step cycles/hindlimb/mouse; n = 22 wild-type and n = 19 Egr3
mutants; Figure S2). We then visualized gait patterns in the
new space created by PC1–3, where PC1 explained the highest
variance (18%) and distinguished the two genotypes (Figure 1C).CThe locomotor phenotype observed in Egr3 mutant mice was
limited to distinct gait features represented in PC1 and approxi-
mately 65% of all parameters did not correlate with this geno-
type-specific PC1 (Figure S3A).
To evaluate the ability of Egr3 mutant mice to adjust gait
patterns to changing locomotor velocities, we testedmice during
stepping on a treadmill. Both wild-type and Egr3 mutant
mice were capable of stepping across the entire range of tested
treadmill speeds (7–23 cm/s; Figures 1D and S3B). PC1
captured adjustment of gait patterns with increasing speed in
mice of both genotypes (16% of explained variance; Figures
1D and S3C), whereas PC2 segregated genotypic differences in-
dependent of velocity (10% explained variance; Figures 1D and
S3C). Electromyogram (EMG) recordings of ankle extensor and
flexor muscles revealed that both genotypes showed appro-
priate speed-dependent adjustments in burst duration (Fig-
ure 1D). These findings resonate with work demonstrating that
the flexion phase of the step cycle remains constant, whereas
the extension phase progressively shortens with increased loco-
motor speed (Arshavskiĭ et al., 1965; Halbertsma, 1983), a prop-
erty we now demonstrate to be independent of muscle spindle
sensory feedback.
In summary, both wild-type and Egr3 mutant mice are able to
perform basic locomotor tasks proficiently, but mutant mice
display specific gait alterations concordant with the previously
proposed role of muscle spindle feedback in control and adjust-
ment of locomotion (Pearson, 2008; Rossignol et al., 2006;Wind-
horst, 2007).
Muscle Spindle Feedback Is Essential for Locomotor
Precision Task and Swimming
Next, we testedmice of both genotypes during walking on a hori-
zontal ladder, requiring precision in foot placement. Whereas
wild-type mice progressed across the ladder with ease, Egr3
mutants frequently slipped off or missed rungs, which was re-
flected in aberrant bouts of EMG activity (Figure 2A; Movie S2).
Quantification of foot positioning relative to successive rungs re-
vealed that wild-type mice targeted rungs precisely, whereas
Egr3 mutant mice displayed near-random foot placement (Fig-
ure 2B). These findings demonstrate an essential role for muscle
spindle feedback circuits in the regulation of accurate foot place-
ment in a locomotor precision task.
Egr3 mutant mice exhibit selective defects of muscle spindle
feedback, but other sensory feedback is preserved (Tourtellotte
and Milbrandt, 1998). During swimming, afferents from Golgi
tendon organs are attenuated due to reduced weight load (Gru-
ner and Altman, 1980). Proprioceptive signaling therefore relies
almost exclusively on muscle spindle feedback. We found that
during swimming, wild-type mice displayed well-coordinated
alternation of left and right hindlimbs with reciprocal activity
of ankle flexor and extensor muscles (Figures 2C and 2D).
In contrast, Egr3 mutant mice were unable to keep afloat
and showed uncoordinated hindlimb movements with extensive
coactivation of antagonistic muscles (Figures 2C and 2D).
Together, these findings stress the pivotal function of muscle
spindle feedback in the control of swimming, a condition when
Golgi tendon organ and cutaneous feedback circuits only play
a limited task-related function.ell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc. 1627
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Figure 1. Proficient Basic Locomotion in Absence of Muscle Spindle Feedback
(A) Egr3 mutation results in selective degeneration of muscle spindles and nonfunctional muscle spindle feedback circuits.
(B) Color-coded stick decomposition of hindlimb movement during three consecutive steps with limb endpoint trajectories and velocity vector at swing onset
during basic overground locomotion in both genotypes (EMG activity of an extensor and a flexor muscle displayed below; dark gray bars, stance; empty spaces,
swing).
(C) PC analysis was applied on 103 gait parametersmeasured during overground locomotion (10–25 gait cycles/hindlimb/mouse, n = 22wild-type and n = 19Egr3
mutants). Gait cycles are represented for each animal and hindlimb (individual dots) in the new space created by PC1–3. Least-squares elliptical fitting (95%
confidence) was computed to emphasize differences between genotypes. Histogram plot, mean values of PC1 scores for each genotype.
(D) PC analysis applied on averaged values of 108 gait parameters (15–30 gait cycles/mouse/speed, n = 10 for each genotype) measured during stepping on a
treadmill at five different speeds (7–23 cm/s). Histogram plots, mean values of PC1 and PC2 scores. Correlation between step-cycle duration and extensor or
flexor burst duration. Each regression line was computed separately for a given animal (n = 4 for each genotype; 25–30 step cycles/mouse). Histogram plots,
slopes of regression lines for extensor and flexor muscles.
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant; error bars, SEM; extensor, gastrocnemius medialis; flexor, tibialis anterior; a.u., arbitrary unit. See also
Figures S1, S2, and S3 and Movie S1.Muscle Spindle Feedback Circuits Are Essential for
Locomotor Recovery after Injury
The core ability to perform basic locomotion is not disturbed in
Egr3 mutant mice, providing an opportunity to assess the role
of muscle spindle feedback circuits in gait control and sponta-
neous recovery after spinal cord injury. We placed a lateral hemi-
section injury at the thoracic level (T10) and confirmed lesion
completeness upon termination of experiments (Figure 3A).
This lesion interrupts descending tracts projecting ipsilateral to1628 Cell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc.lesion (ipsilesional hereafter), which normally innervate lumbar
segments containing circuits essential for the control of ipsile-
sional hindlimb muscles (Figure 3A). We performed kinematic
analysis at regular intervals after injury to follow locomotor recov-
ery (Figures 3A and 3B).
Three days after injury (acute), both wild-type and Egr3mutant
mice dragged the ipsilesional hindlimb along the runway as they
moved forward (Figure 3B; Movies S3 and S4). Wild-type mice
gradually regained locomotor proficiency over the time course
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Figure 2. Muscle Spindle Feedback Is
Essential for Precision Tasks andSwimming
(A) Stick diagram decomposition of hindlimb
movement for a representative wild-type and Egr3
mutant mouse during crossing of an elevated
horizontal ladder with rungs (spacing 2 cm; below:
hindlimb oscillation and traces of ankle extensor
and flexor muscles for same mouse; dark gray
bars, stance).
(B) Bar graph quantifying relative positioning of
hindpaws with respect to rung positions. Pie
charts summarize total percentage of hits, slips,
andmisses (n = 9mice per genotype; 259 steps for
wild-type and 323 steps for Egr3 mutant mice).
(C) Stick decomposition of hindlimb movement for
a wild-type and Egr3 mutant mouse during swim-
ming (below: limb endpoint trajectories, limb
endpoint velocity vectors at power stroke onset,
and raw traces of muscle activity for an extensor
and flexor muscle together with hindlimb oscilla-
tions; dark gray bars, return stroke). Density
plot displays coordination between antagonistic
muscles during the represented trial (L-shaped
patterns, reciprocal muscle activation; diagonal:
continuous coactivation). Polar plot, coordination
between left and right hindlimb oscillations (black
lines, single gait cycle; red arrow, average of all
gait cycles).
(D) Histogram plots report mean values for repre-
sentative kinematic and muscle activity-related
variables extracted fromPC analysis (n = 181 swim
strokes, 10–15 strokes/mouse, n = 8 wild-type and
n = 7 Egr3 mutant mice) during swimming task.
*p < 0.05; **p < 0.01; ***p < 0.001; error bars, SEM;
extensor, vastus lateralis; flexor, tibialis anterior;
a.u., arbitrary unit. See also Figures S1 and S2 and
Movie S2.
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Figure 3. Muscle Spindle Feedback Is Essential to Direct Spontaneous Locomotor Recovery after Lateral Hemisection
(A) Illustration of thoracic lateral hemisection model, including a representative lesion from a dorsal, ventral, and coronal view, and time line of experiment
procedures.
(B) For each genotype, a representative stick decomposition of hindlimb movement during basic overground locomotion is shown for intact, acute, and chronic
time points for the same mouse (below: concurrent limb endpoint trajectory and velocity vector at swing onset, activity of an extensor muscle, and activity of a
flexor muscle; dark gray bars, stance; red bars, dragging).
(C) Representation of gait clusters in PC space for onemouse per genotype during intact stepping and at five different time points postinjury (10–15 steps per time
point; 103 parameters per gait cycle).
(D) Histogram plots reporting mean values of PC1 scores measured on all data combined (average of 10–25 steps per time point, 103 parameters per gait cycle,
n = 9 wild-type mice, n = 7 Egr3 mutant mice).
(E) Bar graph of relative positioning of hindpaws with respect to rung positions for chronically injured wild-type mice (n = 10). Pie charts summarize total per-
centage of hits, slips, and misses (n = 259 steps contralesional hindlimb; n = 147 steps ipsilesional hindlimb).
*p < 0.05; ***p < 0.001; ns, not significant; error bars, SEM; extensor, medial gastrocnemius; flexor, tibialis anterior; Hx, hemisection; a.u., arbitrary unit; acute,
3 days postinjury; chronic, 7 weeks postinjury. See also Figures S1, S2, and S4 and Movies S3, S4, and S5.
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analyzed. By 7 weeks postinjury (chronic), they regained weight-
bearing plantar steps with regular alternation of stance and
swing phases of the ipsilesional hindlimb (Figures 3B and S4A;
Movies S3 and S4). In contrast, Egr3 mutant mice still exhibited
severe locomotor deficits at the chronic stage (Figures 3B and
S4A; Movies S3 and S4).
To quantitatively assess the recovery of ipsilesional hind-
limb function, we conducted a PC analysis comparing intact
condition to each time point evaluated. We found that PC1
characterized the recovery process (30% explained variance;
Figures 3C and 3D). In wild-type mice, time-dependent gait
clusters gradually moved toward intact conditions, reflecting
the progressive recovery of locomotor function (Figures 3C
and 3D). In contrast, gait clusters of Egr3 mutant mice re-
mained confined in the same PC space through the entire
time course evaluated (Figures 3C and 3D). Detailed kinematic
analysis revealed that in chronic wild-type mice, 73% of all
parameters affected at acute stages improved significantly
(p < 0.05) and 17% even recovered to levels measured before
lesion (Figure S4A). Lack of locomotor recovery in Egr3 mutant
mice was associated with persistent dragging of the ipsilesional
hindlimb at all time points (Figures 3B and S4A). In addition,
analysis of contralesional hindlimb gait parameters revealed
that both wild-type and Egr3 mutant mice adjust their gait to
ipsilesional hindlimb deficiencies similarly and immediately after
lesion (Figure S4B). Together, our results demonstrate that
defective muscle spindle feedback circuitry severely limits
spontaneous locomotor recovery after incomplete spinal cord
injury.
Speed Adjustment, but Not Precision Control, Improves
in Wild-Type Mice after Injury
Next, we determined the extent to which hemisected wild-
type mice regain the capacity to accommodate hindlimb
movement to increasing walking speeds and to perform mus-
cle spindle feedback-dependent swimming and ladder preci-
sion tasks.
Wild-type mice at chronic stages recovered the ability to
walk at the highest speed tested (23 cm/s). After a lack of
ipsilesional muscle recruitment at acute stages, the modulation
of ankle extensor muscle activity gradually recovered toward
intact levels (Figure S4C). In contrast, prolonged paw dragging
(Figure S4A) led to increased EMG bursts in ankle flexor
muscles after lesion, a feature that only partially recovered at
chronic stages (Figure S4C). Wild-type mice regained well-co-
ordinated limb alternation during swimming (Figure S4D)
(Zo¨rner et al., 2010), providing further evidence for recovery
of basic locomotor features. During precision walking on the
horizontal ladder at chronic stages, 87% of ipsilesional hind-
limb steps resulted in a complete miss of the targeted rung,
and 12% slipped off the rung. In contrast, most steps of the
contralesional hindlimb were placed correctly on the rungs
(82%) (Figure 3E; Movies S5).
Taken together, these results indicate that after lateral hemi-
section injury, wild-type mice regain basic locomotor function
but only partially recover speed-dependent adaptation and
completely fail to recover precise paw placement required for
ladder locomotion.CMuscle Spindle-Specific Feedback Needed for
Functional Recovery
Contrary to wild-type mice that regained the ability to move
their ipsilesional hindlimb after injury, Egr3 mutants exhibited
persistent lack of locomotor control. Because activity-depen-
dent mechanisms contribute to recovery of locomotor function
after spinal cord injury (Dietz and Fouad, 2014; Edgerton et al.,
2008; Maier and Schwab, 2006), we next measured the degree
of spontaneous motility in Egr3 mutant mice. We monitored
home cage activity before injury and at regular intervals after
lesion (Figure 4A). Both groups displayed decreased locomotor
activity immediately after injury, but there were no significant
genotype-related differences in distance covered throughout
the recovery process (Figure 4A).
We then askedwhether daily administration of monoaminergic
receptor agonists known to acutely enhance locomotor output
in rodents with severe spinal cord injury (van den Brand et al.,
2012) influence the recovery process in Egr3 mutant mice. We
reasoned that despite indistinguishable motility between the
two groups after lesion, spinal circuits in Egr3 mutants may be
recruited less efficiently in the absence of functional muscle
spindle feedback than in wild-type mice. We found that upon
daily agonist administration, Egr3mutants still exhibited an over-
all impediment in locomotor recovery (Figures 4B and 4C). The
contribution of individual parameters to the recovery-associated
PC1 showed a high correlation between spontaneous and daily
drug administered groups for both genotypes (Figure 4D). These
results demonstrate that muscle spindle sensory feedback
is absolutely essential for directing the process of locomotor
recovery after spinal cord injury and cannot be substituted for
by daily activation of spinal circuits through pharmacological
means.
Muscle Spindle Feedback Promotes Efficient Detour
Circuit Establishment around Lesion
Because reorganization of supraspinal and intraspinal descend-
ing circuits parallels spontaneous recovery after incomplete
spinal cord injury (Bareyre et al., 2004; Courtine et al., 2008;
Rosenzweig et al., 2010; Zo¨rner et al., 2014), we asked whether
presence of muscle spindle feedback influences these injury-
induced circuit reorganization responses. The formation of
functional detour circuits relies on the ability of neuronal subpop-
ulations to establish new connections to ipsilesional spinal cir-
cuits below the lesion. A predicted hallmark of such neurons is
that they must have projections to segments below injury prior
to lesion and establish novel synaptic connections after injury.
To identify sources of such neurons, we performed a mapping
approach to label neurons with projections to the ipsilesional
lumbar spinal cord, by injection of G protein-deficient rabies
viruses encoding fluorescent marker proteins (FP) (Rab-FP; Fig-
ure 5A) (Wickersham et al., 2007). We analyzed the relative abun-
dance and pattern of marked neurons above lesion in intact,
acute, and chronic mice.
We first visualized descending supraspinal projection neurons
in intact wild-type and Egr3 mutant mice. Retrogradely labeled
neuron distribution was reminiscent of patterns of mapped pre-
motor brainstem nuclei (Esposito et al., 2014), with most Rab-
FPON neurons located in the magnocellular, followed by pontine,ell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc. 1631
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Figure 4. Impact of Activity on Functional Recovery after Spinal Cord Injury
(A) Body trajectoriesmeasured during the first 5min of home cagemonitoring for wild-type (n = 4) and Egr3mutant (n = 3)mice. Quantification of distance covered
during 20 min period at intact condition and throughout recovery (p = 0.86; no significant effect of genotype).
(B) Stick representation of hindlimb movement at the chronic stage during treadmill locomotion shown for spontaneous and daily agonist exposure groups
(below: concurrent limb endpoint trajectories and velocity vector at swing onset, together with ipsilesional hindlimb oscillations; dark gray bars, stance; red bars,
dragging).
(C) Histogram plots reporting mean values of scores on recovery-related PC1 (25% explained variance) performed on ipsilesional gait patterns (average of 10–20
gait cycles/mouse, 108 parameters per gait cycle; n = 4 [agonist exposure] or 9 [spontaneous] wild-type and n = 5 [both conditions] Egr3 mutant mice). Within
genotype, scores are not different between spontaneous and daily agonist exposure groups before injury and throughout recovery process.
(D) Factor loadings (correlation of kinematic parameter and recovery-associated PC) of PC1 for all parameters (individual dots) of the two conditions (sponta-
neous recovery, daily agonist exposure) were correlated against each other for wild-type and Egr3 mutant mice. Strong positive correlation represents similar
recovery process in both spontaneous and agonist exposure groups for both genotypes.
Error bars, SEM; ns, not significant; acute, 3 days postinjury; chronic, 7 weeks postinjury. See also Figures S1 and S2.gigantocellular, spinal vestibular, and red nucleus, as well as
in M1 motor cortex (Figures 5B, 5C, and S5B). These findings
reveal an absence of significant baseline differences between
wild-type and Egr3 mutant mice, allowing direct comparison
of descending projection neuron populations across genotypes
after injury.
At the acute stage, themajority of ipsilesional brainstem nuclei
were not labeled. This depletion results from the disrupted ac-
cess of ipsilaterally projecting brainstem nuclei to circuits below
lesion. Lesion also disconnected contralaterally projecting de-
scending pathways that decussate above lesion, e.g., leading
to a lack of Rab-FPON neurons in M1 motor cortex and the
red nucleus (Figures 5B, 5C, and S5B). In contrast, we detected1632 Cell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc.a fraction of retrogradely marked spinal vestibular neurons
residing in the ipsilesional brainstem (Figures 5B, 5C, and
S5B). Axons of such neurons cross the midline above lesion,
descend the spinal cord contralaterally, and establish collaterals
crossing the midline a second time below lesion. We classified
neurons with such axonal trajectories as dual midline-crossing
projection neurons.
At chronic stages, we detected substantial reorganization of
ipsilesional brainstem pathways in wild-type mice. Magnocellu-
lar, gigantocellular, and pontine nuclei contained significantly
more ipsilesional Rab-FPON neurons than at acute stages (Fig-
ures 5B, 5C, and S5B). The presence of retrogradely labeled
neurons in the ipsilesional brainstem thus implies that their axons
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Figure 5. Reduced Injury Responses in Brainstem Pathways of Egr3 Mutant Mice
(A) Diagram illustrating rabies virus injection strategy to retrogradely label brainstem neurons with descending projections to ipsilesional lumbar spinal cord
(yellow). Bottom: display of different brainstem nuclei (Esposito et al., 2014; Paxinos and Franklin, 2012): Mc, magnocellular nucleus; Gi, Gigantocellular nucleus;
Pn, Pontine nucleus; R, red nucleus; SpVe, spinal vestibular nucleus; Ve, vestibular nucleus.
(B) Top-down snapshots of 3D brainstem reconstructions in wild-type (top) and Egr3 mutant (bottom) mice at intact, acute, and chronic stages (ipsi- and
contralesional halves of the reconstruction displayed separately; each neuron represented by single dot; for color-code, see A).
(C) Quantification of brainstem reconstruction data (n = 3 each for intact and acute wild-type and Egr3mutant, n = 4 each for chronic wild-type and Egr3mutant)
displaying percentage of ipsilesional neurons of entire rabies-marked respective subpopulation.
*p < 0.05; **p < 0.01; ***p < 0.001; error bars, SEM; acute, 3 days postinjury; chronic, 7 weeks postinjury; Hx, hemisection. See also Figure S5.cross the midline twice to establish novel dual midline-crossing
pathways. In contrast, Egr3mutant mice showed reduced levels
of brainstem projection reorganization, with no significant differ-
ences in ipsilesional Rab-FPON neurons in magnocellular, gigan-
tocellular, and pontine nuclei at chronic compared to acute
stages (Figures 5B, 5C, and S5B). In contrast, we did not detect
significant differences for neurons in the red nucleus between
wild-type and Egr3mutant mice. Together, these results suggest
that functional muscle spindle feedback facilitates rearrange-
ment of specific descending pathways from the brainstem, but
interestingly, not all populations were affected equally.
Next, we evaluated the effect of hemisection lesion on spinal
projection neurons. We used rabies viruses to label neuronsCthrough their axonal projections (Figures S6A–S6C). We also ex-
ploited a transsynaptic virus-based approach with monosynaptic
restriction to capture synaptic connectivity (Wickersham et al.,
2007) (Figure 6). Both approaches revealed similar distribution
patterns of spinal projection neurons across multiple segments
of the spinal cord at intact stages in both wild-type and Egr3
mutant mice (Figures 6 and S6A–S6C). At acute stages, only
few ipsilesional spinal projection neurons exhibited dual midline-
crossing circuitry (Figures 6B and 6C; Figures S6B and S6C).
In contrast, contralesional spinal neurons were abundantly
marked by Rab-FP. At chronic stages, Rab-FP injections in wild-
type mice revealed a prominent increase in the percentage of
ipsilesional neurons compared to acute stages (Figures 6B andell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc. 1633
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Figure 6. Detour Circuit Formation after
Spinal Cord Injury Is Reduced in Egr3
Mutant Mice
(A) Diagram illustrating monosynaptic rabies
virus injection strategy to retrogradely mark de-
scending spinal projection neurons with synaptic
connections to ipsilesional neurons below lesion
(injection at L2–L5; yellow; neurons with dotted
axons, severed by injury; magenta, dual-crossing
ipsilesional neurons). Top-left corner: example of
triple-labeled (TVA/G/Rabies) neurons. Right: low-
resolution view and reconstruction of triple-posi-
tive starter neurons of representative spinal cord
section.
(B) Quantification of percentage of ipsilesional
rabies positive spinal projection neurons above
lesion with connections to ipsilesional starter
neurons (n = 3 each for intact and acute wild-type
and Egr3mutant; n = 4 for chronic wild-type; n = 5
for Egr3 mutant).
(C) 3D reconstructions of supralesional spinal
projection neurons with connection to ipsilesional
lumbar circuits below lesion (yellow) in wild-type
(left) and Egr3 mutant (right) mice at intact,
acute, and chronic stages in top-down longitudinal
view (top) and transverse section (below) view
(filled triangle, lesion position; gray line, midline;
magenta, ipsilesional neurons).
*p < 0.05; error bars, SEM; acute, 3 days post-
injury; chronic, 7 weeks postinjury; Hx, hemi-
section. See also Figure S6.6C; Figures S6B and S6C). In Egr3 mutant mice, however, their
percentage above lesion was significantly lower than in wild-
type mice (Figures 6B and 6C; Figures S6B and S6C). In contrast,
we did not detect distribution differences of spinal projection neu-
rons between genotypes below lesion (Figures S6D and S6E).
Together, these results demonstrate thatEgr3mutantmiceexhibit
a deficiency in the establishment of dual-crossing detour circuits
involving multiple populations of descending projection neurons,
whereas these are abundantly detected in wild-type mice.
Spinal Projection Neurons Connect to Deprived Circuits
by Distinct Mechanisms
To gain insight into the cellular mechanisms responsible for
the emergence of ipsilesional dual-crossing detour circuits after
hemisection, we devised anterograde virus-mediated tracing
experiments from supralesional spinal segments. We used
injections of viruses that allow visualizing axons and synapses
of specific subpopulations of descending projection neurons.
This strategy also enabled evaluation of circuit reorganization
from contralesional neurons that are less amenable to assess
with retrograde tracing approaches due to partial persistence
of projections to ipsilesional circuits after lesion.1634 Cell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc.We conducted a series of anterograde
tracing experiments from ipsilesional
or contralesional circuits above injury (Fig-
ure 7A) by unilateral coinjections of
AAV-Tomato and AAV-SynGFP or AAV-
SynMyc to anterogradely track axonal tra-jectories and synaptic arborizations (Figures 7 and S7). In intact
mice of both genotypes, cervical (C5–7) and thoracic (T7–8) neu-
ronsprojected to lumbar levelsbilaterally (FigureS7A).After injury,
ipsilesional injections target commissural neurons with axonal
tracts descending contralateral to cell body position, whereas
contralesional injections target ipsilateral projection neurons
with axonal tracts ipsilateral to cell body position (Figure 7A).
We found that for both ipsi- and contralesional injections,
descending axon tracts were present bilaterally in the white
matter above lesion (Figure S7B). After hemisection, tracts
only persisted on the contralesional side below lesion, demon-
strating that axon collaterals at lumbar levels were exclusively
derived from neurons projecting through contralesional tracts
(Figures 7A and S7B). Next, we determined the frequency of
midline-crossing axon collaterals below lesion at 2 weeks
postlesion, the earliest possible tracing time point, and at
chronic stages (Figures 7B and 7C). At 2weeks postinjury, no dif-
ference was observed for ipsi- or contralesional populations and
their midline-crossing frequency between wild-type and Egr3
mutant mice (Figure 7C). At chronic stages, Egr3 mutants ex-
hibited a significantly reduced number of midline-crossing axons
derived from ipsilesional populations compared to wild-type
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Figure 7. Distinct Reconnection Mechanisms for Spinal Projection Neuron Subpopulations
(A) Diagrams illustrating intraspinal injection scheme to anterogradely visualize axons (tdTomato) and synapses (synaptically tagged proteins) of ipsilesional
(magenta) or contralesional (blue) spinal projection neuron residing above lesion (nuclear markers confirm unilaterality of injection). Top-down longitudinal and
cross-section projected views shown (yellow, ipsilesional territory below lesion).
(B) Examples of midline-crossing axons and synaptic terminal analysis with high-resolution imaging and Imaris spot detection.
(C) Frequency analysis of midline-crossing axons originating from ipsi- and contralesional cervical spinal projection neurons, normalized to number of marked
axons in contralesional white matter tracts below lesion (ipsilesion: n = 3 each for wild-type and Egr3mutant for both time points; contralesion: n = 4 for wild-type
and n = 3 Egr3 mutant for 2 week time point; n = 4 for wild-type and n = 5 Egr3 mutant for chronic analysis).
(D) Quantitative analysis of distribution and density of synaptic terminals in the spinal cord below injury, originating from ipsi- and contralesional cervical spinal
projection neurons (yellow, ipsilesional territory below lesion; ipsilesion, n = 4 for wild-type and n = 5 for Egr3mutant for 2 week time point; n = 5 for wild-type and
n = 6 for Egr3 mutant for chronic analysis; contra-lesion, n = 4 for wild-type and n = 6 for Egr3 mutant for 2 week time point; n = 5 each for wild-type and Egr3
mutant for chronic analysis). Contour plots show overall distribution of terminals from one chronic animal for each genotype; histogram plots display percentage
of ipsilesional synaptic terminals at analyzed segmental spinal levels.
*p < 0.05; error bars, SEM; Hx, hemisection; PN, projection neuron; chronic, 7 weeks postinjury. See also Figure S7.mice, whereas no significant difference was observed for con-
tralesional populations (Figures 7C and S7F). Together, these
findings indicate that the absence of muscle spindle feedback
impairs the ability to establish de novo dual midline-crossing
axons originating from ipsilesional spinal projection neurons
and that these anatomical differences between the two geno-
types become apparent later than 2 weeks after injury.
Next, we quantified ipsilesional synaptic arborization of mid-
line-crossing axons (Figures 7B and 7D; Figures S7D and
S7G). We reconstructed synaptic puncta at high resolution,
yielding quantitative information on the spatial distribution andCnumber of synaptic terminals (Figure 7B). Analysis of ipsi- and
contralesional projection neurons revealed comparable synaptic
innervation above lesion between wild-type and Egr3 mutant
mice (Figure S7D). In wild-type mice at chronic stages below
lesion, synaptic input to ipsilesional gray matter targeted the
ventrolateral quadrant, which contains many locomotor inter-
neurons and motor neurons (Figures 7D and S7G). In contrast,
the distribution of synaptic input beyond the midline in Egr3
mutant mice was primarily confined to medially located territory
(Figures 7D and S7G). The observed increase in synaptic termi-
nals in wild-type mice was not present 2 weeks postlesion,ell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc. 1635
in agreement with the corresponding time course of midline-
crossing axon elaboration (Figures 7C and 7D). For contrale-
sional projection neurons, we also detected lower synaptic
terminal density in the ipsilesional gray matter below lesion
in Egr3 mutant mice at chronic stages compared to wild-
type mice, despite a similar number of midline-crossing axons
in both genotypes (Figures 7C and 7D; Figures S7D and S7G).
Strikingly, however, we found a selective decrease in the den-
sity of synaptic terminals between 2 weeks postlesion and
chronic stages in Egr3 mutant mice, ultimately leading to the
observed lower terminal density compared to wild-type mice
(Figure 7D). Together, our findings provide evidence that after
lateral hemisection spinal cord injury, muscle spindle feedback
enhances the process of axonal and synaptic rearrangements
of multiple descending spinal projection neuron populations
through distinct mechanisms.
DISCUSSION
Spinal cord injuries lead to immediate motor dysfunction
because of separation of descending control pathways from
local spinal circuits. Various degrees of functional recovery
occur after incomplete injury. However, the likely involvement
of numerous circuit elements paired with the limited under-
standing of their precise organization and function within the
hierarchy of motor control pathways have posed challenges for
gainingmechanistic insight in the process of functional recovery.
Here, we demonstrate that muscle spindle feedback circuits
are essential to direct locomotor recovery after lateral hemisec-
tion spinal cord injury and that the lack of this specific sensory
channel affects the ability of descending projection neurons to
undergo efficient circuit reorganization after injury. We discuss
our findings with an emphasis on the role of sensory feedback
circuits in locomotor improvement after injury and the mecha-
nisms by which circuit rearrangements parallel and influence
the recovery process.
Task-Specific Locomotor Recovery after Spinal Cord
Injury in Wild-Type Mice
Wild-type mice improve basic locomotor function after hemi-
section spinal cord injury to a significant extent. In contrast,
they remain severely compromised in their ability to carry out
precision ladder walking. These findings underscore the need
for task-specific communication channels between supraspinal
and spinal circuits, some of which do not recover after injury.
A possible model to explain these findings is that upon establish-
ment of multistep synaptic relays, a comparatively crude wiring
of descending circuit elements is sufficient to drive disconnected
ipsilesional spinal circuits below lesion for regaining basic loco-
motor function. Newly established descending connections
can interact with an already wired repertoire of local spinal cir-
cuits able to coordinate basic locomotor behaviors. In contrast,
precision tasks likely require specific and refined descending
circuit connectivity. In addition, complex tasks may depend
more heavily on information conveyed through ascending path-
ways, which exhibit enduring dysfunction after spinal cord
injury (Kaas et al., 2008; Martinez et al., 2010). Taken together,
these observations suggest that distinct neuronal circuit ele-1636 Cell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc.ments are responsible and necessary for the re-establishment
of task-specific functions.
Role of Muscle Spindle Feedback Circuits in Locomotor
Recovery after Spinal Cord Injury
Muscle spindle afferents constitute a minor fraction of DRG sen-
sory neurons (Scott, 1992), but our results demonstrate that they
are essential to promote locomotor recovery after incomplete
spinal cord lesion. Why does deprivation of a specific sensory
channel lead to such profound impairment? Each class of func-
tionally distinct sensory neurons exhibits lamina-specific axonal
terminations in the spinal cord (Brown, 1981). While cutaneous
and mechanoreceptive afferents target dorsal horn neurons,
proprioceptive afferents terminate more ventrally, raising the
possibility that these differential synaptic connectivity profiles
may contribute to their role in the recovery process.
A primary mode of action by muscle spindle afferents in facil-
itating recovery may involve recruitment of motor circuits
through their unique connections. Targeted circuit elements
include motor neurons and core components of ventral locomo-
tor interneuron circuits that have recently been demonstrated
to play important roles in the regulation of extensor-flexor alter-
nation (Talpalar et al., 2011; Zhang et al., 2014) and rhythm
generation (Dougherty et al., 2013) in the mouse. The pivotal
role of muscle spindle feedback in promoting locomotor im-
provement after lateral hemisection observed here might there-
fore be at least in part attributed to their direct synaptic access
to these neurons. Specifically, muscle spindle afferents are
embedded in a highly selective central synaptic connectivity
matrix. Transfer of muscle-specific information to functionally
distinct interneurons that directly activate motor neurons or
mediate reciprocal inhibition between motor neurons is a key
feature of these neuronal networks (Jankowska and Edgley,
1993; McCrea and Rybak, 2008; Pearson, 2008; Wang et al.,
2008; Windhorst, 2007). Muscle spindle afferent recruitment
after injury may strengthen these specific spinal circuits and their
connections (Petruska et al., 2007), whereas their functional
absence in Egr3 mutants might contribute to the severe impair-
ment in recovery.
An alternative or complementary possibility is that muscle
spindle afferents release factors in an activity-dependent
manner, which in turn promote circuit reorganization in the spinal
cord. For instance, retrograde trophic support by the neurotro-
phin NT-3 strengthens synaptic connections (Boyce and Men-
dell, 2014; Chen et al., 2002; Oakley et al., 1997). Moreover,
the amount of physical activity influences baseline BDNF
expression in the spinal cord after traumatic injury (Ying et al.,
2008), an effect that may be mediated by recruitment of muscle
spindle feedback circuits. In our experiments, we found no differ-
ence in the degree of spontaneous cage activity between wild-
type and Egr3 mutants after hemisection spinal cord injury,
excluding disparity in physical activity as a possible reason for
differential recovery. In addition, daily application of monoamin-
ergic agents to enhance activity of local spinal circuits in an
attempt to bypass reduced sensory feedback in Egr3 mutant
mice was inefficient in overcoming the severely limited recovery
in Egr3 mutant mice. These findings demonstrate that muscle
spindle afferents, despite being a numerically minor sensory
neuron population, play an instrumental and selective role in pro-
moting functional recovery after spinal cord injury.
Formation of Spinal Detour Circuits Parallels Locomotor
Recovery
Regaining locomotor function of the ipsilesional hindlimb after
thoracic hemisection requires the establishment of detour cir-
cuits that reconnect descending pathways to deprived locomo-
tor circuits below lesion. The formation of such detour circuits to
functionally bridge the injury site depends on local axon growth
and reorganization of synaptic connectivity within existing de-
scending circuit modules (Ballermann and Fouad, 2006; Bareyre
et al., 2004; Courtine et al., 2008; Jankowska and Edgley, 2006;
Rosenzweig et al., 2010; van den Brand et al., 2012). We demon-
strate that in wild-type mice, injury-induced circuit-level re-
sponses involve the deployment of specific patterns of axonal
growth and synaptic arborization from distinct populations of
supraspinal and spinal projection neurons.
Our anatomical mapping to identify injury-responsive de-
scending circuit elements above lesion demonstrates that
reduced compensatory responses to injury are widespread in
Egr3 mutants. These alterations include ipsi- and contralesional
spinal projection neurons at multiple spinal segments and spe-
cific descending pathways from the brainstem. Perturbation or
silencing of any identified specific neuron population alone in
wild-type mice is therefore unlikely to recapitulate the dramatic
lack of recovery observed in Egr3 mutant mice. On the other
hand, experimental attempts to specifically target a majority of
neurons undergoing novel collateral formation after injury would
require injections at multiple central nervous system (CNS) sites,
likely themselves inducing behavioral repercussions. In addition,
even if successful, such approaches would interfere with the
function of targeted neurons in their entirety, and not just with
the newly formed collaterals.
How does muscle spindle feedback facilitate de novo circuit
formation? While we cannot rule out multifaceted circuit-level
effects influencing the recovery process, we favor a model in
which muscle spindle feedback circuits act primarily on ipsile-
sional circuits below the injury site to promote the formation of
compensatory connections to deprived circuits. In agreement
with such a model, identified brainstem populations do not
receive direct synaptic input from muscle spindle afferents,
implying that at least for these populations such input is not
essential to trigger circuit reorganization. Mechanistically, the
assembly of novel circuits in the adult nervous system may
be achieved through stabilization of nascent axon collaterals
involving Hebbian plasticity reinforced by muscle spindle
afferent input. Growth and stabilization of axons in the devel-
oping nervous system suggests that such mechanisms act in
highly cell-type-specific patterns (Andreae and Burrone, 2014).
To gain insight into how defined neuronal populations respond
to injury, we focused our anterograde synaptic mapping anal-
ysis on spinal projections neurons. Comparison of wild-type
and Egr3 mutant mice uncovered distinct responses for spe-
cific spinal populations. Ipsilesional descending spinal projec-
tion neurons in Egr3 mutants exhibited both a reduction in
dual midline-crossing axons and decreased ipsilesional syn-
aptic arborization below lesion, occurring later than 2 weeksCafter injury. In contrast, contralesional counterparts only showed
restricted arborization of synaptic terminals without disruption
in midline-crossing axons. These synaptic differences how-
ever can be attributed to synaptic pruning in the absence of
muscle spindle feedback rather than additional synaptic
growth in wild-type mice. These findings also suggest that the
majority of injury-responsive contralesional spinal projection
neurons already possess midline-crossing collaterals at intact
stages, providing an explanation for why this parameter is not
affected in Egr3mutants compared to wild-type mice at chronic
stages.
In summary, our study demonstrates that one specific sensory
channel has an executive role in directing restoration of hindlimb
motor function and facilitating multifaceted circuit reorganization
after incomplete spinal cord injury. These findings stress the
importance of exploiting muscle spindle feedback circuits in
the design of rehabilitative strategies after spinal cord injury.
Epidural stimulation of lumbar segments facilitates motor control
and leads to improved functional recovery in animal models
and paraplegic individuals (Angeli et al., 2014; van den Brand
et al., 2012). This treatment paradigm may at least in part act
through the recruitment of myelinated sensory feedback circuits
(Capogrosso et al., 2013). Refined experimental strategies to
specifically modulate muscle spindle feedback channels open
innovative therapeutic avenues to pursue in the future. Similar
concepts may apply to other traumatic CNS disorders, such
as stroke or brain injury, which heavily rely on plasticity of both
supraspinal and spinal descending pathways to regain functional
capacities after lesion.
EXPERIMENTAL PROCEDURES
Mouse Genetics and Surgeries
Mice used were from a local colony containing the Egr3 mutant allele previ-
ously described (Tourtellotte and Milbrandt, 1998). Surgical procedures for
hemisection injury and EMG implantation have been described previously
(Courtine et al., 2008) and were performed under full general anesthesia with
isoflurane in oxygen-enriched air (1%–2%). Local Swiss veterinary offices
approved all the procedures. Details on mice and surgical procedures are
described in the Extended Experimental Procedures.
Behavioral Analysis
Whole-body kinematics were recorded using the high-speed motion capture
system Vicon (Vicon Motion Systems), combining 10–12 infrared cameras
(200 Hz) (van den Brand et al., 2012). Parameters describing kinematic and
EMG characteristics were computed using custom-written MATLAB scripts
(van den Brand et al., 2012). Behavioral tests included overground locomotion
on an elevated runway, stepping on a motorized treadmill (Robomedica),
elevated horizontal ladder, and swimming. To quantify task- and genotype-
specific gait characteristics prior to injury and throughout the recovery process
after hemisection spinal cord injury, we implemented a multistep statistical
procedure based on PC analysis (Dominici et al., 2012). A flowchart explaining
the various steps of this analysis can be found in Figure S2. For behavioral
monitoring of home cage activity, spontaneous activity was surveyed for
each mouse during 20 min. Additional information on recordings, postpro-
cessing and behavioral tasks are available in the Extended Experimental
Procedures and Figure S2.
Anatomical Tracing Experiments
Rabies viruses and AAVs were amplified and purified from local viral stocks
following established protocols (Esposito et al., 2014; Pivetta et al., 2014;
Wickersham et al., 2010). Additional information on production and injectionell 159, 1626–1639, December 18, 2014 ª2014 Elsevier Inc. 1637
of viruses, antibodies, imaging, and anatomical quantification can be found in
the Extended Experimental Procedures.
Statistical Analysis
All data are reported as mean values ± SEM. All statistical evaluations were
performed using GraphPad Prism (v. 6.0) (Prism, GraphPad Software) using
unpaired Student’s t test (Figures 1C, 1D, 2D, 5C, 6B, 7C, and 7D; Figures
S3A, S3B, S4D, S6C, S7A, S7B, S7D, S7F, and S7G), two-way ANOVA for
repeated measurement (Figures 1D, 3D, 3E, 4A, and 4C; Figures S3D, S3E,
S5A, andS5B), and one-way ANOVA for repeatedmeasurements (Figure S5C),
followed by post hoc comparisons (Sı´da´k-Bonferroni). The significance level
for behavioral analysis was set as jR valuej > 0.5 and p < 0.05, respectively.
Significance level is defined as follows for all analyses performed: *p < 0.05;
**p < 0.01; ***p < 0.001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven
figures, and five movies and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2014.11.019.
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